Abstract. Global distributions and associated climate effects of atmospheric aerosols were simulated using a global aerosol climate model, SPRINTARS, from 1850 to the present day and projected forward to 2100. Aerosol emission inventories used by the Coupled Model Intercomparison Project Phase 5 (CMIP5) were applied to this study. Scenarios based on the Representative Concentration Pathways (RCPs) were used for the future projection. Aerosol loading in the atmosphere has already peaked and is now reducing in Europe and North America. However, in Asia where rapid economic growth is ongoing, aerosol loading is estimated to reach a maximum in the first half of this century. Atmospheric aerosols originating from the burning of biomass have maintained high loadings throughout the 21st century in Africa, according to the RCPs. Evolution of the adjusted forcing by direct and indirect aerosol effects over time generally correspond to the aerosol loading. The probable future pathways of global mean forcing differ based on the aerosol direct effect for different RCPs. Because aerosol forcing will be close to the preindustrial level by the end of the 21st century for all RCPs despite the continuous increases in greenhouse gases, global warming will be accelerated with reduced aerosol negative forcing.
Introduction
Developed countries have experienced air pollution by aerosols throughout the 20th century and the situation is now worsening in some developing countries. For example, smog in Beijing and Shanghai, China, can still be severe although it did improve around the 2008 Olympic Games (Science, 2012; Washington Post, 2012) . Trans-boundary air pollution from the Asian continent to Western Japan also continues to be considerable (Yamaguchi and Takemura, 2011) .
Aerosols also act as climate forcing agents through several different processes. The role of aerosol particles in altering the atmospheric radiation budget due to scattering and absorption is termed the aerosol direct effect. The first indirect effect (cloud albedo effect) involves a decrease in cloud droplet and ice crystal effective radii as the number concentration of aerosol particles acting as cloud condensation nuclei (CCN) and/or ice nuclei (IN), increases. If the liquid/ice water content is constant, this will lead to a higher cloud albedo (e.g. Twomey, 1974) . Changes in the amounts of CCN and IN can also affect the liquid/ice water content of clouds, which is the second indirect effect (cloud lifetime effect). A decrease in the cloud droplet size due to an increase in CCN results in an extension of cloud lifetime and then to an inhibition of precipitation (e.g. Albrecht, 1989) . On the other hand, Lebsock et al. (2008) suggested from satellite observations that the higher aerosol concentration may lead to reduced liquid water path in nonprecipitating mixedphase clouds. An increase in IN has the effect of both increasing and decreasing the ice water content. As with the liquid phase, a decrease in ice crystal size due to an increase in IN may prolong a cloud's lifetime. In contrast, an increase in IN promotes the conversion of supercooled liquid water to ice crystals in mixed phase clouds. It is easier to grow ice crystals to snow than to change supercooled droplets to rain, T. Takemura: Atmospheric aerosols from preindustrial era to 2100 which leads to a decrease in the total cloud water (Lohmann and Feichter, 2005) . There is also a semi-direct effect, in which aerosols, such as black carbon (BC) and soil dust particles, absorb solar radiation and warm the surrounding atmosphere, resulting in a change in liquid/ice water content due to a change in the saturated water vapour pressure and atmospheric stabilisation (Koch and Del Genio, 2010; Takemura and Uchida, 2011) . These aerosol effects cause changes in atmospheric general circulation through modifications to the radiation budget, cloud distribution, and hydrological cycle. It is therefore essential to elucidate the time evolution of global aerosol distributions to determine temporal changes in air pollution and climate change due to aerosol effects.
Radiative forcing (RF) is a measure of the change in the radiation budget by climate forcing agents (greenhouse gases, aerosols, land use change, etc.). It is useful because it allows a comparison of the effects of various climate forcing agents on climate change even when the mechanisms affecting the climate system differ. In previous reports of the Intergovernmental Panel on Climate Change (IPCC), RF was defined as a change in net irradiance (solar plus thermal radiation in W m −2 ) at the tropopause, after allowing for the stratospheric temperature to readjust to radiative equilibrium but with surface tropospheric temperatures and state held fixed at the unperturbed values (Forster et al., 2007) . The RFs of the aerosol direct and first indirect effect relative to the preindustrial era were estimated to be −0.5 and −0.7 W m −2 in the Fourth Assessment Report (AR4) of the IPCC (Intergovernmental Panel on Climate Change, 2007) . The uncertainty in IPCC AR4 estimates of RF was only 10 % for long-lived greenhouse gases, but was greater for the aerosol effects: from −0.1 to −0.9 W m −2 for the aerosol direct effect and −0.3 to −1.8 W m −2 for the aerosol first indirect effect. The aerosol RFs of the second indirect and semi-direct effects cannot be calculated by strictly following the IPCC definition, because these effects are changes in the tropospheric state. In the IPCC AR4, the change in the radiation budget due to anthropogenic aerosols, including the semi-direct and second indirect effects as well as the direct and first indirect effects, was estimated to be −0.3 to −1.4 W m −2 as a "total aerosol effect". This is referred to as an adjusted forcing (AF), defined as a change in the net irradiance after allowing for atmospheric and land temperatures, water vapour, clouds, and land albedo to adjust to the prescribed sea surface temperatures and sea ice cover. The AF includes rapid responses of the climate system to the radiation budget. It is important to evaluate the AF because it helps clarify the integrated aerosol effects on climate change. It also generally provides a method for calculating the aerosol radiative effects in climate models.
Some previous studies have estimated historical time series for the RF of several climate forcing agents. Myhre et al. (2001) compiled a time series from the preindustrial era to 1995 using a radiative transfer model, and Hansen et al. (2002) estimated RF from 1950 to 2000 using a general circulation model from the Goddard Institute for Space studies (GISS). Takemura et al. (2006) calculated RF at both the tropopause and surface from 1850 to 2000 using an atmospheric general circulation model, MIROC, which applied the historical meteorological field simulated for the Coupled Model Intercomparison Project Phase 3 (CMIP3) . Recently Skeie et al. (2011) estimated the RF time series from the preindustrial era to the present day for well-mixed greenhouse gases, tropospheric and stratospheric ozone, and aerosols. They calculated the RF for aerosols using the historical emission inventories provided by Lamarque et al. (2010) and global aerosol distributions from an off-line chemical transport model, OlsoCTM2. On projecting future global aerosol distributions, calculated them with the Special Report on Emissions Scenarios (SRES) which was used in the Third and Fourth Assessment Reports of IPCC. There are, however, no studies with the latest emission scenarios for estimating future aerosol radiative forcings.
In the present study, the time series of changes in the radiation budget due to aerosols from the preindustrial era to the present day and the present day to the end of the 21st century are estimated using an on-line global aerosol climate model, SPRINTARS (Takemura et al., 2000 (Takemura et al., , 2002a (Takemura et al., , 2005 , and using the Representative Concentration Pathways (RCPs) (Moss et al., 2010) for the latest future emission scenarios. The historical emissions database developed by Lamarque et al. (2010) and the RCPs for future emissions are used in the Coupled Model Intercomparison Project Phase 5 (CMIP5) in conjunction with the Fifth Assessment Report (AR5) of the IPCC. The simulation in this study is undertaken with a prescribed sea surface temperature and sea ice cover, so the estimated change in the radiation budget is the AF. Section 2 of this paper describes the model and the conditions used for the simulation. Section 3 describes the emission inventories for anthropogenic aerosols and the precursors and parameterisations of dust and sea salt emissions. Section 4 presents the changes in aerosol optical parameters as well as the atmospheric aerosol loadings and emissions of natural aerosols from the preindustrial era to the end of the 21st century. Section 5 presents a time series of the AF resulting from the direct aerosol effect. Section 6 presents time series of some cloud parameters, including the AF resulting from the aerosol indirect effect. Finally, Sect. 7 presents the conclusions drawn from the study.
Model description
The SPRINTARS model calculates global distributions and climate effects of the main tropospheric aerosols, and is coupled with a general circulation model, MIROC5 (Watanabe et al., 2010) . It was developed by the Division of Climate System Research in the Atmosphere and Ocean Research Institute (AORI) at the University of Tokyo, the National Institute for Environmental Studies in Japan (NIES), and the Research Institute for Global Change in the Japan Agency for Marine-Earth Science and Technology (JAMSTEC). The horizontal resolution used is T42 (approximately 2.8 • by 2.8 • in latitude and longitude) and the vertical resolution is 20 layers (sigma levels based on the surface pressure at 0. 995, 0.980, 0.950, 0.900, 0.830, 0.745, 0.650, 0.549, 0.454, 0.369, 0.295, 0.230, 0.175, 0.124, 0.085, 0.060, 0.045, 0.035, 0.025, and 0.008) . The standard time step is 20 min, but becomes shorter when the calculations are unstable. The data for the prescribed sea surface temperature and sea ice cover are obtained from historical and future climate simulations by MIROC and correspond to each emission scenario submitted to CMIP5. Figure 1 defines the regions used in this study.
The SPRINTARS model predicts the mass mixing ratios of black carbon (BC), particulate organic matter (POM), sulphate, soil dust, and sea salt, and the precursor gases of sulphate, i.e., sulphur dioxide (SO 2 ) and dimethyl sulphide (DMS). The aerosol transport processes include emission, advection, diffusion, sulphur chemistry, wet deposition, dry deposition, and gravitational settling. The aerosol emission data used in this study are explained in detail in the next section. The other aerosol transport processes are described in Takemura et al. (2000) .
The direct, semi-direct, and indirect effects of aerosols are calculated in SPRINTARS, and are coupled with the radiation and cloud/precipitation processes of MIROC5. The twostream discrete ordinate and adding methods are adopted in the radiation scheme of MIROC5 (Sekiguchi and Nakajima, 2008 ) and consider refractive indices, size distributions, and hygroscopic growth for each aerosol component to calculate the aerosol direct effect. The wavelength-dependent refractive indices of dry aerosols and water are based on Deepak and Gerber (1983) and d'Almeida et al. (1991) , respectively. This study does not include the deposition effects of radiative-absorbing aerosols (i.e., BC and soil dust particles) on the change of albedo for snow-covered surfaces. A detailed description of the aerosol direct effect in SPRINT-ARS is provided by Takemura et al. (2002a Takemura et al. ( , 2005 .
The aerosol indirect effect processes are also incorporated into a bulk microphysical scheme (Watanabe et al., 2010) for both water and ice clouds in SPRINTARS. The cloud droplet and ice crystal number concentrations, as well as liquid/ice water mixing ratio, are treated as prognostic variables (see Eqs. (C1) and (C2) in Takemura et al., 2009) . The mass and number concentrations of cloud droplets and ice crystals vary due to the nucleation, accretion, riming, and aggregation processes. The nucleation of cloud droplets depends on the aerosol particle number concentrations, size distributions, curvature effect, and solute effect of each aerosol component based on a parameterisation in Abdul- Razzak and Ghan (2000) . The cloud droplet effective radius and precipitation rate, which are related to the first and second indirect effects, respectively change according to the prognostic cloud droplet number concentration. A detailed description of the aerosol indirect effect for water clouds in SPRINT-ARS is provided by Takemura et al. (2005) . For ice crystals, both homogeneous and heterogeneous nucleations are considered. The homogeneous process is based on Kärcher and Lohmann (2002) , and the heterogeneous process, which includes contact and immersion/condensation freezings, is based on Lohmann and Diehl (2006) and Diehl et al. (2006) . BC and soil dust particles are potential aerosol components, which can act as ice nuclei in the model. The parameterisation of interactions between aerosols and ice crystals are described in detail in Takemura et al. (2009) .
This study includes the aerosol semi-direct effect process, because the radiation and cloud-precipitation processes interact in the model. The semi-direct effect due to BC in SPRINTARS is described in Takemura and Uchida (2011) .
The past transient simulation from 1850 to 2005 and the future transient simulations with four RCPs from 2006 to 2100 are carried out in this study, which are the standard experiments (STD). The other experiments with continuous preindustrial emissions for aerosols and transient changes in other conditions along RCPs (AEROPI) are also done to analyse effects of changes in aerosol emissions on radiation and clouds by calculating differences with STD. The AF for the aerosol direct effect is calculated as a comparison of a difference in net radiation fluxes with and without aerosols by a double call of the radiation code between STD and AEROPI, i.e., ((STD with aerosols) -(STD without aerosols)) -((AEROPI with aerosols) -(AEROPI without aerosols)). It is under the all-sky condition in this study. The AF for the aerosol indirect effect is defined as a difference in the cloud radiative forcing between STD and AEROPI.
Emissions and concentrations of aerosols
The natural aerosols and their precursors included in this study are soil particles, sea salt, POM from the gas-to-particle conversion of volatile organic compounds, volcanic SO 2 , and DMS from oceanic phytoplankton and land. The emission flux of soil dust aerosols depends on the near-surface wind speed, vegetation, leaf area index (LAI), soil moisture, and amount of snow . Sea salt emissions depend on the near-surface wind speed, and emissions are not possible over areas covered by sea ice (Monahan et al., 1986; Takemura et al., 2009 ). For natural POM emissions, conversion rates from volatile organic compounds are assumed based on Griffin et al. (1999) , and the emission inventories are those provided by Guenther et al. (1995) . The Global Emissions Inventory Activity (GEIA) database is used to estimate SO 2 emissions from continuously erupting volcanoes (Andres and Kasgnoc, 1998) . DMS emissions depend on the downward surface solar radiation available for oceanic phytoplankton (Bates et al., 1987) and on the temperature and LAI as well as the downward surface solar radiation available for land vegetation (Spiro et al., 1992) . Historical and future emission inventories of annual mean anthropogenic sources and monthly mean biomass burning for BC, organic carbon (OC), and SO 2 are based on Lamarque et al. (2010) and RCPs (Moss et al., 2010) , respectively. The RCPs have four representative pathways, each of which corresponds to a specific radiative forcing. RCP2.6 has a peak in the global mean RF at 2.6 W m −2 prior to 2100, and then RF declines. In RCP4.5 and RCP6.0, the global mean RF stabilises, without overshooting, to 4.5 and 6.0 W m −2 , respectively after 2100. In RCP8.5 the global mean RF reaches 8.5 W m −2 before 2100 and then continues to increase. Conversion factors from OC to POM are set at 1.6 and 2.6 for anthropogenic sources and biomass burning, respectively (Myhre et al., 2009) . A time series of the monthly three-dimensional emission flux of BC from aviation sources is also included in the above database and is converted to POM and SO 2 using factors of 1/3 and 8.0 × 10 −4 , respectively. Figure 2 presents a time series for total emissions of BC, POM, and SO 2 from 1850 to 2100.
The monthly mean concentrations of hydroxyl radical (OH), ozone (O 3 ), and hydrogen peroxide (H 2 O 2 ), all of which are oxidisers of DMS and SO 2 , were determined using a global chemical climate model, CHASER (Sudo et al., 2002) , which is driven by the same general circulation model, (MIROC) as the SPRINTARS model. In CHASER, values are calculated as time slices for every decade using the same emission inventories as those used in this study, and interpolated linearly for the intermediate years. Concentrations of long-lived greenhouse gases (carbon dioxide, methane, nitrous oxide, chlorofluorocarbons, etc.) are also determined according to the RCPs. Figure 3 presents the annual mean distributions of the mass column loading for each aerosol component in 2000. BC and POM are concentrated over Central and Southern Africa, the Amazon, and Southeast Asia, mainly due to emissions from biomass burning in the dry season of each region. Concentrations are also high over the populous and industrialised regions of East and South Asia, Europe, and North America, due to fossil and bio fuel consumption. Sulphate aerosols have high concentrations not only over East and South Asia, Europe, and North America, but also over the Arabian Peninsula due to oil production and surrounding volcanic regions. Unlike BC and POM, sulphate aerosol is also distributed over remote oceans, because of the emission of its precursor (DMS) from oceanic phytoplankton. Large amounts of soil aerosol appear over the Saharan, Arabian, Asian, and Australian regions. Sea salt aerosols have a more homogeneous distribution over oceans than other aerosols, although their concentration is high in the mid-and high-latitudes of both hemispheres due to the storm track.
Long-term trends of atmospheric aerosols
The simulated aerosol distributions have been confirmed to generally agree with various aerosol observations by satellites and ground-based measurements, in terms of both climatology and short-term variations (Takemura et al., 2002b . They are also reasonably comparable with data from some satellite retrievals and ground-based observational networks for aerosols used in the aerosol model intercomparison project, AeroCom (Kinne et al., 2003; Textor et al., 2006) . The AeroCom Phase II Interface, which provides comparisons of various aerosol parameters among models and observations, is available at http://aerocom.met.no/cgi-bin/ AEROCOM/aerocom/surfobs annualrs.pl. Figure 4 presents the simulated time evolution of annual mean mass column loadings for BC, POM, and sulphate from 1850 to 2100 dividing into several regions. The values in the hindcast simulation from 1850 to 2005 are the same for all scenarios in each component. All components have already decreased in Europe and North America, particularly sulphate, and they are predicted to continue decreasing toward the end of the 21st century. In contrast, the mass column loadings in Asia have not yet reached their maximum values for all components, with the exception of POM with RCP4.5. This is mainly because anthropogenic aerosol emissions are estimated to continue increasing until at least 2030 due to rapid economic growth in some countries. In RCP6.0, all aerosol components maintain high loadings until the mid21st century in Asia, although they are predicted to decrease by the end of the century for all RCPs. Biomass burning in Africa is predicted to ensure a high aerosol mass loading throughout the 21st century in all RCPs, particularly for BC and POM, although it is difficult to provide a quantitative estimate of future emissions from biomass burning. The BC and POM loadings from Africa are approximately half of the global total in the latter half of the 21st century. Sulphate aerosols originating from the Near and Middle East began to increase from the end of the 20th century, mainly because of oil production and economic growth, and this situation continues toward the mid-21st century, with the exception of RCP2.6. using the SRES estimated that atmospheric BC and OC monotonically increase toward the end of the 21st century except in the scenario which has the smallest emission amounts (SRES B1) although burdens of sulfate aerosols have peaks in the mid-21st century in all scenarios. The future projections of atmospheric burdens and consequent radiative forcings and climate effects of aerosols are greatly different between applied emission scenarios.
Aerosol emissions from natural sources can change due to climate change. Figure 5 presents the long-term trends of major natural aerosol emissions (soil dust particles and sea salt). The largest emission sources of soil dust are the Saharan and Arabian regions (Fig. 5b) , where the arid area is predicted to expand due to global warming (Fig. 5c ). This is the reason for the increasing trend of total global soil dust particle emissions in the 21st century, particularly for RCP8.5, where the increase in carbon dioxide concentration is highest (Fig. 5a) . By the end of the 21st century, the emission of soil dust particles is estimated to be approximately 40 % greater in RCP8.5 and 20 % greater in both RCP6.0 and RCP4.5 than current emissions. The total global sea salt emission is also predicted to increase during the 21st century, mainly because of melting sea ice in the Arctic due to global warming, consequently exposing the sea surface to the atmosphere (Fig. 5e,  f) . Sea salt emissions will increase by 1-2 % by the end of this century, relative to the present day (Fig. 5d) . Note that these changes in natural aerosol emissions can be negligible for estimates of adjusted forcing (AF) provided in the following sections, because the AF is calculated as the difference in the radiation budget from the experiment using emission inventories of anthropogenic aerosols for 1850 with the same sea surface temperature, sea ice cover, and concentrations of greenhouse gases data as the standard transient experiment. Figure 6 presents a time series of aerosol optical thickness (AOT) and single scatting albedo (SSA) simulated by SPRINTARS. The global mean AOT rapidly increases after the 1950s and reached a maximum in the 1970s to 1990s (Fig. 6a) . From this point it gradually decreases toward the end of the 21st century in the simulations for all RCPs, although the decrease temporally ceases in the mid-21st century in RCP6.0. The minimum SSA is delayed in comparison with the maximum AOT because the reduction of SO 2 emission precedes that of BC, due to the adoption of inexpensive desulphurisers and because BC emissions from biomass burning regions remain high (see Figs. 2 and 4) . The regional AOT in Europe and North America (Fig. 6c, d ) peaks in the 1970s to 1980s, which is synchronised with the global mean. The SSA decreases until early this century in RCP4.5 for North America and in RCP2.6 for both North America and Europe, due to the rapid reduction of SO 2 emissions, before it later recoveres. In Asia, the AOT increases after the Second World War and reaches a maximum in the 2010s, with the exception of RCP6.0, where anthropogenic aerosols remain at high levels until the mid-21st century (Fig. 4) . Although emissions of anthropogenic aerosols are declining in Japan, as in Europe, those in other Asian countries are increasing. The SSA is lower in Asia than in Europe and North America, and its uncertain future trend depends on the RCP selected. The AOT in South America peaks in the 1990s and then decreases according to the RCPs (Fig. 6e) , but recent studies have predicted an increase in emissions from fires by the end of the 21st century relative to the present day (Pechony and Shindell, 2010; Kloster et al., 2012) . This makes it difficult to estimate future emission trends biomass burning. The AOT in Africa during this century is predicted to change less than in other regions due to biomass burning, as shown in Fig. 4 .
Atmos

Time evolution of changes in the radiation budget due to the aerosol direct effect
The time evolution of changes in radiation budget by the aerosol direct effect is expected to depend on the aerosol optical thickness (AOT) and single scattering albedo (SSA), shown in Fig. 6 . Figures 7 and 8 present a time series and global distribution of the adjusted forcing (AF) from the aerosol direct effect at the tropopause, respectively. The global mean AF at the tropopause due to the aerosol direct effect is negative after the 1950s and reaches a maximum in the 1970s to 1990s of over −0.2 W m −2 (Fig. 7a) , which is a similar temporal variation to the AOT. It seems that its recovery phase toward the neutral value has already begun although the recovery paths depend on the RCP selected. In RCP4.5, recovery is steady throughout this century, while recovery is stagnant in the middle of this century in RCP2.6. In RCP8.5, the AF will reach zero by the end of this century, despite a delay in the onset of the recovery for a few decades from the present day. The AF recovers the slowest in RCP6.0. Table 1 lists the global mean AF for each RCP, for every decade. In Asia, the regional mean AF over land is more than −1.0 W m −2 for the present day, and the trends in each RCP for this century are similar to those of the global means (Fig. 7b) . One of the main reasons for RCP6.0 having the slowest recovery on the global mean is the Asian region. The AF due to the aerosol direct effect in Europe and North America reaches a maximum in the 1970s to 1990s, which is consistent with the trend of AOT, and little difference is predicted in the future trends among all RCPs, although the recovery in RCP2.6 is predicted to be rapid before the 2030s in Europe (Fig. 7c, d ). The AF is predicted to recover to close to its preindustrial level by the mid-21st century in Europe and North America. The AF relative to the preindustrial era remains positive after the middle of the century in North America (Figs. 7d and 8 ), because emissions from fossil fuel consumption had already commenced prior to 1850 and because the future reduction of BC is slower than that of sulphate. In South America, the future trends of each RCP are similar to those in Asia, which indicates a late recovery from the negative AF in RCP6.0, while they are close to zero until the end of this century in the other RCPs (Fig. 7e) . As well as fossil fuel consumption, the primary source of anthropogenic aerosols in South America is biomass burning, which mainly releases BC and POM, hence the AF due to the aerosol direct effect at the tropopause can become positive. Figure 4 shows that in Africa, the future aerosol emissions in this century in all RCPs will keep high relative to present-day levels, so the AF will retain large negative values (Fig. 7g) . The AF trend for the Near and Middle East corresponds to a change in sulphate loading, as shown in Fig. 4 . The forcing at the surface is also important to clarify changes in the atmospheric radiation budget and in the meteorological conditions near the surface. For example, BC has a positive forcing at the tropopause and the top of the atmosphere, while it has a negative forcing at the surface. This implies that BC absorbs solar and thermal radiation in the atmosphere. Takemura et al. (2006) reported that the total surface negative forcing due to major climate forcing agents rapidly increased after 1955, mainly due to the strong negative forcing of the aerosol direct effect. Figure 9 presents a time series of the AF at the surface from 1850 to 2100, and Fig. 10 presents the global distribution. The trend of the global mean AF at the surface (Fig. 9a) is similar to that at the tropopause (Fig. 7) , while the maximum value at the surface (−1.0 W m −2 ) is much larger than that at the tropopause. The AF at the surface in 2000 is negative virtually all over the globe (Fig. 10a) . The difference in the AF between the tropopause and the surface is due to aerosols absorbing solar and thermal radiation, which is enhanced by the absorption of multi-scattered radiation in the cloud layers below the aerosols (Haywood and Ramaswamy, 1998; Takemura et al., 2002a) . In Asia, the maximum negative AF is more than −5 W m −2 for the present day (Fig. 10) , and the recovery is delayed in RCP6.0, as well as at the tropopause (Fig. 9b) . In North America, the AF at the surface is predicted to shift to a positive value after the 2020s (Figs. 9d and 10) , which is consistent with the values shown in Fig. 7d . This is primarily because the aerosol emissions from Eastern North America after the 2020s are almost equal to or less than those in 1850 in all RCPs. In Africa, the AF at the surface is not expected to recover during the 21st century (Fig. 9g) . The high BC concentration is maintained throughout this century (Fig. 4) , and is emitted to high altitudes due to the heat of the fires from which it originates. This enhances the absorption of the multi-scattered radiation by cloud layers, as described above. Figure 11 presents the global mean AF due to the aerosol direct effect for each aerosol component until 2010, both at the tropopause and the surface. These separations are expedient because many aerosol components interact each other in the real atmosphere. The components that have the largest negative and positive AF at the tropopause are sulphate and BC from fossil fuel consumption, respectively. POM from fossil fuel is also an important forcing agent, generating a negative forcing at the tropopause mainly in the Asian region (not shown). The AF from biomass burning includes both BC and POM components, so the respective positive and negative forcing cancel each other out. The contribution towards the negative AF at the surface is estimated to be almost equal among sulphate and BC from fossil fuel consumption and aerosols from biomass burning.
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6 Time evolution of changes in the cloud parameters and radiation budget due to the aerosol indirect effect
As described in Sect. 2, MIROC5-SPRINTARS includes parameterisations of the aerosol indirect effect both for cloud droplets and ice crystals, which are treated as two-moment schemes by predicting their mass mixing ratio and number concentration. A sensitivity of a change in the cloud droplet number concentration which is a basic parameter to estimate its radius to a change in AOT in the SPRINTARS are close to 11564 T. Takemura: Atmospheric aerosols from preindustrial era to 2100 that from the satellite retrieval (Quaas et al., 2009) . Figure 12 presents changes in the effective radii of cloud droplets and ice crystals at the cloud top. The cloud droplets are smaller in the present day than in the preindustrial era almost all over the globe, particularly the high aerosol concentration regions in the Northern Hemisphere (Fig. 12b, c) . The maximum global mean change relative to the preindustrial era is −0.8 µm around 1990 (Fig. 12a) . The ratio of the change is −7 %, which is close to the value reported in a previous study (Takemura et al., 2005) . Few differences are estimated in the cloud droplet effective radius in the different RCPs for the future projection, although it is slightly smaller in RCP6.0 in the mid-21st century, which is consistent with the change in aerosol loading (Figs. 4 and 6 ). The size of present-day ice crystals at the cloud top is estimated to be smaller than in preindustrial era over mid-and high-latitudes of the Northern Hemisphere, whereas it is larger over the tropics (Fig. 12e,  f) . Small ice crystals are mainly the result of an increase in BC concentration (Lohmann, 2001 ). The number concentration of ice crystals produced via homogeneous nucleation by which tropical cirrus clouds are mainly formed decreases due to an increase in the temperature in this study using a parameterization of Kärcher and Lohmann (2002) , so that the size of each ice crystal increases in the tropics. The global mean change reaches a maximum around 1990, and the ratio of this change is estimated to be −4 %.
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T. Takemura: Atmospheric aerosols from preindustrial era to 2100 A trend for the liquid water path to increase from the preindustrial era to the present day is prominent over Europe, East Asia, and North America, where aerosol concentrations are high (Fig. 13b) . In the other regions, however, this trend is not obvious, because an analysis of changes in parameters between the years concerned and the preindustrial era includes a rapid response of the climate system to the aerosol effects, which may not result in simple trends in areas where aerosol concentrations are not high. In the mid-21st century, the increasing trend of the liquid water path is predicted to be less distinct than for the present day, although it is still larger than in the preindustrial era in Eurasia and East Asia and less than parts of North America (Fig. 13c) , which corresponds to the variations of AOT (Fig. 6) . Changes in the liquid water path with changes in AOT are quantitatively similar to satellite retrievals in SPRINTARS (Quaas et al., 2009) . The ice water path is estimated to increase slightly from the preindustrial era to the present day and to decrease in the future, although the spatial pattern is not clear (Fig. 13d-f) . Few differences are estimated in the liquid and ice water paths in the different RCPs for the future projection.
Based on the above analyses of changes in the aerosol loading, and the size and water path of cloud droplets and ice crystals, forcing by the indirect aerosol effect can be considered. Figures 14 and 15 present a time series and global distribution of the adjusted forcing (AF) due to the aerosol indirect effect at the tropopause, respectively. The global and regional trends are generally similar to those of the aerosol direct effect (Fig. 7) . The year-to-year variations are, however, much larger than the variations due to the direct effect because the AF due to the aerosol indirect effect includes rapid responses from all aerosol effects, which affects the hydrological cycle. The global mean negative AF rapidly increases after the 1950s and then reaches a maximum of −1.9 W m −2 in 2000 (Fig. 14a) , as also shown in Table 2 . Figure 15a presents the distinct current negative forcing over East and Southeast Asia, Northern Indian Ocean, Europe, west coast of Southern Africa, and North Atlantic. No large differences appear in the recovery of the global mean future AF toward zero among the different RCPs, although the negative forcing is slightly larger in RCP6.0, which has the most aerosol emissions (Fig. 2) . The global mean AF due to the aerosol indirect effect is estimated to be close to zero by the end of this century. The maximum negative AF is in the 1990s for Europe and North America but is predicted to be in the 2020s for Asia (Fig. 14b-d) . In North America, the AF is predicted to shift to positive values after the mid-21st century, when aerosol emissions become lower than in the mid19th century based on the RCPs described in Sect. 5. The AF due to the aerosol indirect effect still has large negative values in Asia, particularly in RCP6.0. In Africa, the future temporal variation is not predicted to be large (Fig. 14g) , which is consistent with future projections of the aerosol loading in the different RCPs, as shown in Fig. 4 . tropopause and the surface. The total AF is almost equal to the AF due to sulphate particles which act as cloud condensation nuclei. POM from fossil fuel consumption is a minor contributor to the AF of the aerosol indirect effect. In the present MIROC-SPRINTARS simulation, BC particles are treated as ice nuclei. If BC emissions increase, the total (liquid + ice) cloud water decreases because of the freezing of supercooled water, which promotes growth to precipitation. In contrast, reducing the size of ice crystals can result in an obstruction of their growth if the number of ice nuclei increases. Based on the time series shown in Fig. 13e , f, it is difficult to determine which processes are dominant. Table 2 . Global mean adjusted forcing (in W m −2 ) due to the aerosol indirect effect at the tropopause in each decade (5-yr running mean) relative to the preindustrial experiment simulated by SPRINTARS.
Year Hindcast RCP2.6 RCP4.5 RCP6.0 RCP8.5
In this study, the global distributions and adjusted forcing (AF) of atmospheric aerosols from the year 1850 to 2100 were simulated using the global aerosol climate model, SPRINTARS. The emission inventories of anthropogenic BC, POM, and SO 2 used in the simulation were based on Lamarque et al. (2010) for the historical period and the Representative Concentration Pathways (RCPs) (Moss et al., 2010) for the future projections, which were obtained from the standard database in the Coupled Model Intercomparison Project Phase 5 (CMIP5) in conjunction with the Fifth Assessment Report (AR5) of the Intergovernmental Panel on Climate Change (IPCC). Natural aerosol emissions for soil dust particles and sea salt were calculated with parameters inside the model, which were then influenced by global warming. The regional mean aerosol loading and optical thickness reached a maximum in the 1970s to 1980s in Europe and North America, which is consistent with the global mean. In contrast, in Asia they were estimated to remain at high levels until the mid-21st century in RCP6.0 and to reach a maximum in the 2010s. A large amount of aerosols from biomass burning will be released throughout this century, according to the RCPs. Soil dust particles and sea salt emissions were predicted to increase because of the expansion of arid areas and the melting of sea ice over the Arctic region, respectively both of which are a consequence of global warming. The AF includes the rapid response of the climate system to changes in climate forcing agents calculated for the prescribed sea surface temperature and sea ice cover. Time evolution of the AF by the aerosol direct and indirect effects typically correspond to the aerosol loading. The global mean negative AF, both at the tropopause and the surface, rapidly increased due to the aerosol direct effect after the 1950s and peaked in the 1970s to 1990s, a similar temporal variation to that in Europe and North America. Asia was predicted to retain a high negative AF due to the direct effect until the mid-21st century in RCP6.0, which affects the time series for the global mean. The maximum negative AF due to the aerosol indirect effect was in the 1990s for Europe and North America, but was predicted to be in the 2020s for Asia. By the end of the 21st century, aerosol forcing will be close to zero, relative to the preindustrial era, for all RCPs, and global warming is likely to accelerate under conditions of reduced aerosol negative forcing with continuous increases in greenhouse gases.
